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Abstract

Understanding rapid climate change in the Arctic and its ecosystem implications requires more
information on the environment at temporal resolutions and time-periods not available from
the instrumental records. Such information can be acquired through geochemical proxy records,
but sub-annual records are rare in the literature. We analyzed shell material of bivalve mol-
lusks (Serripes groenlandicus and Ciliatocardium ciliatum) that were placed on oceanographic
moorings for one year in two Arctic fjords to assess the potential use of shell elemental ratios
as environmental proxies. Li/Ca, Mg/Ca, Li/Mg, Mn/Ca, Sr/Ca, Mo/Ca and Ba/Ca were de-
termined using Laser-Ablation Inductively-Coupled-Plasma Mass-Spectrometry. The mooring
exposure, combined with previously derived sub-annual shell growth models, allowed us to re-
late the elemental ratio patterns to oceanographic data (temperature, salinity, and fluorescence)
collected by instruments attached to the moorings. Shell Ba/Ca profiles were characterized by
abrupt peaks occurring 11 to 81 days after the phytoplankton bloom, as indicated by the sea-
water fluorescence index. Li/Ca and Mg/Ca values exhibited a logarithmic relationship with
shell growth rate, indicated by marginal R? of 0.43 and 0.30, respectively. These ratios were
also linearly related to temperature, with marginal R? of 0.15 and 0.17, respectively. Mn/Ca
and Sr/Ca ratios exhibited variability among individuals and their temporal pattern was likely
controlled by several unidentified factors. Mo/Ca patterns within the shells did not demon-
strate meaningful correlations with any mooring instrument data. Our results reflect complex
relationships between elemental ratios, bivalve metabolism, methodological limitations, and syn-
chronized environmental processes suggesting that none of the studied elemental ratios can be
used as all-encompassing proxies of seawater temperature, salinity, paleoproductivity, or shell
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growth rate. Despite this, Ba/Ca and Li/Ca can likely be used as sub-annual temporal anchors
in further studies, as the deposition of these elements likely occurred simultaneously within each
fjord.

1 Introduction

The annual sea ice cover over the Arctic Ocean has declined by approximately 20 % since the
industrial revolution [data from Figure 4.3a in 1] with an accelerating rate over the last decade [2].
Such a reduction in sea-ice cover, together with other anthropogenic perturbations, is expected
to cause dramatic changes in Arctic marine ecosystems [2, 3]. Understanding and anticipating
these rapid changes requires information about the past climate at sufficient temporal resolution
and over longer time-periods than that usually provided by instrumental records [4]. Such
knowledge can be acquired by interpretation of geochemical proxy records, which can represent
long time scales [4-6]. Whereas records of environmental changes at longer than decadal time-
scales may indicate correlative relationships between climatic and biological patterns, combining
environmental and biotic data at sub-annual scales can help identify the ecological mechanisms
through which climate regulates biotic processes. Unfortunately, there are few sub-seasonal
high-resolution records presented in the literature due to a paucity of available data.

Shells of many filter-feeding bivalve mollusks are promising geochemical proxy archives due
to: 1) largely sedentary nature of bivalves, meaning that individuals record temporal rather
than spatial variability in seawater conditions; 2) distribution of bivalves across a wide variety
of habitats and latitudes [7]; 3) representation of bivalve shells in the geological record [7-10]; 4)
longevity of bivalves allowing longer than decadal proxy records per individual [11-13]; and 5)
regular growth patterns in bivalve shells that can be used to develop growth chronologies [14
17]. Two common circumpolar bivalve species, the Greenland cockle (Serripes groenlandicus
Mohr, 1786) and the hairy cockle (Ciliatocardium ciliatum Fabricius, 1780), have been used
as environmental and climatic indicators in the previous studies [18-22]. They are long lived
species forming an aragonitic shell [23-25] with prominent annual growth lines deposited during
a slow winter shell growth period that is regulated by food availability [17, 19, 26]. Their shell
growth is further affected by temperature and often correlates with large scale climatic drivers
over annual to decadal scales [18, 20-22].

In theory, the environmental information stored in bivalve shells can be used to hind-cast sea-
water conditions with a sub-annual resolution based on geochemical proxies, such as element-to-
calcium ratios, that are sampled along chronologically deposited shell material [27-29]. Several
elemental ratios, such as Li/Ca [30, 31], Mg/Ca [32, 33|, and Sr/Ca [34], have been suggested as
proxies of seawater temperature in bivalve shells, but these ratios are often affected by metabolic
and kinetic processes, and thus may be used as temperature proxies only for specific cases when
shell growth rate and seawater temperature are strongly intercorrelated [35, 36]. Lithium to
magnesium ratio could potentially be used to tease apart the metabolic effects in Li/Ca and
Mg/Ca [37]. The ratios of barium, manganese, molybdenum, and lithium to calcium have been
suggested as proxies of pelagic productivity [31, 38-40]. Barium to calcium provides one of the
most consistent elemental ratio signals in bivalve shells: Ba/Ca profiles are characterized by a
flat background signal that is periodically interrupted by sharp peaks in a wide range of species
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across various habitats and latitudes [24, 38, 39, 41-48]. In addition to potentially representing
variability in primary productivity, Ba/Ca may indicate ambient seawater concentrations [49].
In contrast, manganese is often associated with shell precipitation rate and may also be influ-
enced by seawater redox conditions, and therefore shows variable patterns depending on species
[50-54]. Molybdenum, on the other hand, may be incorporated through diet, making Mo/Ca a
potential proxy of paleoproductivity [40, 49].

Consequently, the development of elemental ratios in bivalve shells as environmental proxies
could be valuable, especially in the Arctic where instrumental records are short or interrupted
and climate change is rapid [55]. Elemental ratio proxies in bivalve shells are, however, compli-
cated by metabolism as calcium carbonate mineralization does not occur directly from seawater,
but takes place in a chemically controlled space; the extrapallial cavity [56-58]. Interpretation
of these geochemical proxies is further complicated by shell growth rate, which varies through
the year [17] and appears to influence some element ratios [36]. Consequently, understanding
the sub-annual growth patterns is a fundamental prerequisite for using any shell-based proxy
at sub-annual resolution. Very few studies, and none in the Arctic, have been able to relate
elemental ratios measured within bivalve shells to seawater parameters data recorded at the
growth location with sub-annual resolution.

In this study, we examine minor and trace elemental ratios within the shells of S. groen-
landicus and C. ciliatum, and assess their potential use as environmental proxies. We deployed
these bivalves on moorings in two oceanographically contrasting fjords in Svalbard for one year
[17, 26]. The bivalve deployment combined with previously obtained sub-annual growth models
[17] allowed us to relate the elemental ratio patterns to the oceanographic data recorded by
mooring instrumentation. We aimed to examine whether: 1) Li/Ca, Ba/Ca, Mn/Ca or Mo/Ca
could be used as proxies of primary productivity as has been suggested by other studies, 2)
Li/Ca, Mg/Ca, Li/Mg or Sr/Ca could be used as proxies of temperature or shell growth rate,
and 3) any of the above mentioned elemental ratios were deposited simultaneously in different
individuals indicating that they could be used as sub-annual chronological markers in the studied
species.

2 Materials and Methods

2.1 Study design

A suite of element (Li, Mg, Mn, Sr, Mo, and Ba) to calcium ratios was determined for sub-annual
patterns in shells of two bivalve species (Serripes groenlandicus and Ciliatocardium ciliatum)
deployed on oceanographic moorings for one year during the periods September 2007-2008 and
September 20092010 in two fjords on Svalbard: Kongsfjorden and Rijpfjorden. These two fjords
are oceanographically different. Kongsfjorden is an Atlantic water-influenced open fjord, whereas
Rijpfjorden is a fjord with a sill (depth 100-200 m) that is influenced mainly by Arctic water
masses [59-62]. Kongsfjorden was ice-free throughout the field deployment with the exception
of occasional drift ice, whereas Rijpfjorden was covered by sea ice for 8 months (January 21

September 16) in 20072008 [63], and for 5 months (February 15-July 21) in 2009-2010 [17]. The
bivalve deployment on moorings is described in detail by Ambrose Jr et al. [26] and Vihtakari
et al. [17]. In brief, bivalves were collected from the western Barents Sea in August 2007 and
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from Svalbardbanken in August 2009. They were held in flow-through seawater tanks for 1—
4 weeks at the University Centre in Svalbard and incubated in seawater with 125 mgL~! of
calcein dye for 24 h immediately before they were placed in 7 mm mesh plastic cages (hereafter
baskets) on the oceanographic moorings. The calcein mark was used as an absolute time marker
of deployment and was identified in sectioned shells using fluorescent imaging [see 17]. During
2009-2010, the bivalves were deployed to two water depths, 15 m (basket A) and 25 m (basket
B), while in 2007-2008 they were deployed only to 25 m (Table 1). The bivalves were deployed
in September each year and recovered one year later.

Bivalves collected from the moorings were sacrificed and shells then were embedded in epoxy
resin [as described in 26]. Embedded shells were cut into thick sections along the maximum
growth axis, as described in Vihtakari et al. [17], and the thick sections were polished to a
thickness of 2.0 & 0.1 mm. These thick sections then were transferred to a clean room, where
they were rinsed and brushed in Milli-Q water, sonicated for 5 min and rinsed again. Finally,
the thick sections were left to dry overnight before they were analyzed using Laser-Ablation
Inductively-Coupled-Plasma Mass-Spectrometry (hereafter LA-ICP-MS). Eleven shells were fur-
ther analyzed for in situ 6'®O values using secondary ion mass spectrometry (SIMS) to determine
sub-annual growth models [see 17]. Measured element ratio patterns determined for nine shells
that demonstrated adequate growth models were compared to weekly averages of seawater tem-
perature, salinity and fluorescence index records obtained from mooring instruments located
adjacent to bivalve baskets (Table 2, see 17 for details).

2.2 Elemental ratio analyses

LA-ICP-MS [64] was conducted at the Plasma Mass Spectrometry Facility, Woods Hole Oceano-
graphic Institute (MA, US), using a Thermo-Finnigan Element2 HR-ICP-MS coupled to a New
Wave Laser UP 193 nm excimer laser ablation system. A sequence of holes was ablated along
the middle of the shell thick section from the outer margin to the calcein line [see 17] using
95 s dwell time, 10 Hz repetition rate and 90% output power. The analysis was conducted in
2009 for 2007-2008 deployment specimens and in 2011 for 2009-2010 deployment individuals.
Magnesium (**Mg), calcium (*3Ca), manganese (°*Mn), strontium (*3Sr) and barium ('3*Ba)
were analyzed in both years. Molybdenum (*®Mo) and lithium ("Li) were added to the analysis
for 2009-2010 samples. Due to the low concentration of Mo in the CaCO3 matrix, 2009-2010
shells had a larger ablation crater size [z = 87.5 + 0.7 pm (SE), n = 612] compared to 2007-2008
samples [Z = 42.0 £ 0.3 pm (SE), n = 311]. The distance between laser holes [z = 104.1 +
14.3 (SD) pm | was kept constant between sessions and samples, and therefore the number of
ablation holes varied between 17 and 64 per analyzed shell depending on the length of annual
growth increment.

The signal intensity (counts per second) of the analyzed elements was monitored in an
Element2 low resolution mode during the LA-ICP-MS analyses. The recording of element signal
intensity was started approximately 10 s after initiating the laser ablation to clean the shell
surface of debris and to ensure that the ablation plume material had reached the ICP-MS. An
estimated value for each element was generated by averaging 50 signal intensity measurements
during the peak of material flow. Nitric acid (5 % HNO3) was used as a blank, ensuring a
constant flow of the acid into the ICP-MS. Every tenth sample analyzed was a blank. The
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moving average of blanks was calculated and subtracted from the data. Since the analyzed
shell matrix was predominantly aragonite [23, 25|, “Ca was used as an internal standard by
normalizing all other elements to Ca concentration [65]. Two standards, Japanese Certified
Reference Material or “JpnCRM” [66] and FEBS-1 [67], were run as every tenth and twentieth
sample, respectively. These standards were used to correct for instrument drift and to calibrate
elemental ratios to cover all isotopes. FEBS-1 was used for Mn/Ca and Li/Ca and JpnCRM
for the other elemental ratios. The reference materials did not have a certified value for Mo.
Therefore, Mo/Ca concentrations are given as percentage of Mo/Ca maximum for each shell
and comparison of absolute Mo/Ca values was not possible

2.3 Datasets and statistical analyses

The position of the LA-ICP-MS holes was related to sub-annual growth lines and a measurement
axis that was related to the historical location of the shell margin using ImageJ [68] and sclero
package [69] for R software [70], as described in Vihtakari et al. [17]. The method also allowed
a spatial estimation of averaging error [71, 72]. Resulting LA-ICP-MS sample distances are
therefore expressed as mm from deployment (i.e. the calcein mark) along the measurement axis,
together with minimum and maximum extents for each LA-ICP-MS hole (Figures S1-S6).

Growth models for nine shells (three from each basket: KB, RA and RB, Table 1), based on
estimated daily growth trajectories for SIMS 6180 centroids (Figure 9 in 17), allowed comparison
of elemental ratio data to mooring instrument data (temperature, fluorescence index and salinity)
and modeled growth rate. The estimated temporal extent sampled by each LA-ICP-MS hole was
used to calculate average growth rate, temperature, salinity, and fluorescence index values that
were used as predictor variables in consequent regression models. The averages were calculated
using daily values. The relationship between element ratios (response variable in all models)
and shell growth rate was logarithmic, and therefore growth rates were log-transformed before
analyses.

Linear mixed-effect regression models (LMMs) were used to examine the overall relationships
in the dataset by using samples as random effects, assuming a random intercept and a constant
slope (see Table S3 and Text S1 for definitions of the models). In order to examine the overall
variance of each elemental ratio explained by each predictor variable, LMMs were run separately
with each non-transformed predictor variable (Model 1; Table S3). Marginal and conditional
R2 values for LMMs for these models were calculated using MuMIn package [73] for R [70] and
the method described by Johnson [74]. Marginal R? values were used as a measure of overall
variance explained by each response variable and to examine whether the proxy relationship was
constant among samples. To examine the overall relative importance of each predictor variable
and the direction of the linear relationship, all predictor variables were combined as fixed effects
into a same LMM (Model 2; Table S3). Response variables were log-transformed, and predictor
variables centered to their means and scaled to their standard deviations before running Model
2. The fixed effects (effects of each predictor variable to an elemental ratio) then were scaled
to the maximum absolute value of 95% confidence intervals resulting to a measure of relative
effect for each fixed effect. Linear mixed-effect models were calculated using the nlme package
[75]. The variability in relationships between response and predictor variables among individual
samples was examined using linear regression models fitted for each sample, response variable
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and predictor variable separately (Model 3; Table S3).

Coefficients of variation (CV) for minimum and maximum elemental ratios over the mooring
deployment were used to assess among individual consistency of elemental ratios using all ana-
lyzed shells over two deployment periods (n = 30, Table 1). Correlations between elemental ratios
and predictor variables for regression models were examined using principal component analy-
sis [76] calculated on correlation matrices averaged over samples using Fisher z-transformation
[77-79]. These correlation matrices are presented in Table S4.

3 Results

3.1 Oceanographic conditions in the fjords

Kongsfjorden experienced warmer temperatures in 2007-2008 than in 2009-2010 (Figure 1): The
autumn (September to December) temperatures in Kongsfjorden were on average 1.0 °C higher
in 2007 compared to 2009, the winter (January to April) temperatures 1.7 °C warmer, and the
spring/summer (May to September) temperatures 2.6 °C warmer in 2008 compared to 2010. In
contrast, temperature differences between years varied in Rijpfjorden: The autumn (September
to November) temperatures in Rijpfjorden were also on average 1.0 °C higher in 2007 compared
to 2009, the winter (December to May) temperatures were almost equal between deployment
years, but the summer temperatures were on average 2.4 °C lower in 2008 compared to 2010. In
Kongsfjorden, temperature began to increase in May in both years. In 2007-2008, temperature
remained above zero, while in the winter of 2009-2010, temperature was generally below zero.
Temperature was recorded at two depths (15 and 25 m) in 2009-2010. Temperature differences
between depths were generally small, except during the summer stratification period, when
temperature at 15 m was approximately 1 °C higher than at 25 m. Rijpfjorden experienced
temperatures close to -1.7 °C from January until July (6 months) in 2007-2008 and from Jan-
uary until June (5 months) in 2009-2010. Temperature rose abruptly in mid-July 2010, whereas
in 2008 it started increasing in mid-May, but did not exceed 0 °C. In 2009-2010, tempera-
tures were similar at both measured depths until late August, when the surface layer cooled by
approximately 3 °C relative to the deeper (25 m) layer.

In both fjords, the fluorescence index (FLI) was close to zero prior to a dramatic increase
during the spring (Figure 1). The first fluorescence peak occurred later (mid-June to mid-July)
in Rijpfjorden than in Kongsfjorden (mid-May to beginning of June). Salinity was relatively
stable in Kongsfjorden, with a range between 33.3 and 35.0 (Figure 1). Rijpfjorden experienced
variable salinity regime, related to melt water from sea ice, from July to December. Salinity
varied more in 2009-2010 (34.6-30.6) than in 2007-2008 (34.3-31.7), and was most variable at
the shallow baskets (15 m).

3.2 Patterns in element ratio profiles

Lithium to calcium ratios were consistently lower during winter and increased after the winter
growth band in all studied shells (Figures 2, S3-S6). The increase occurred simultaneously
with increased growth rate in growth modeled shells (Figures 2 and S7). Minimum Li/Ca was
13.9 £ 0.3 (SE, n = 22) pmolmol~! on average (Table 3). The Li/Ca minimum was deposited
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sometime between October and late May in Kongsfjorden and between October and mid-July
in Rijpfjorden (Figure 2). Coefficient of variation for minimum Li/Ca values varied between
7.5 and 14.1 % among baskets and was higher than that for maximum values (Table 3). The
maximum values were 21.6 & 0.3 (SE, n = 22) on average, and were estimated to occur July to
early September in Kongsfjorden and mid-July to early August in Rijpfjorden (Figure 2).

Magnesium to calcium ratios were at their lowest during the winter growth band and in-
creased immediately after or towards the end of the winter growth period in most analyzed
shells (Figures 2 and S1-S6). Three shells deployed to Rijpfjorden in 2007, however, did not
demonstrate clear seasonal Mg/Ca fluctuations (Figure S2). The strongest increase in Mg/Ca
values occurred during spring together with increased growth rate (Figures 2 and S8). After
reaching the maximum in July to mid-August in Kongsfjorden and in late July to late August in
Rijpfjorden, Mg/Ca values decreased slightly until the end of the deployment period (Figure 2).
Maximum Mg/Ca values ranged between 1.04 and 4.15 mmolmol~! being generally higher in
2009-2010 than in 2007-2008 (Table 3). Minimum Mg/Ca values ranged between 0.39 and 1.70
mmol mol~! and were not obviously different among years. Coefficient of variation for Mg/Ca
minimum and maximum values was higher than that for Li/Ca (Table 3).

Manganese to calcium values exhibited variable patterns, but were also characterized by
peaks deposited during the translucent summer growth period in 24 of 30 analyzed shells (Figure
S1-S6). These peaks were deposited sometime between late May and August in Kongsfjorden,
and between early July and early August in Rijpfjorden occurring one to 70 days after the
fluorescence peak (Table 4 and Figure 2). Low Mn/Ca values were deposited during the winter
growth band from January until the end of the winter growth band (Figure S9). Average
maximum manganese values ranged between 1.31 and 8.52 pmolmol~! (Table 3). Maximum
Mn/Ca values within baskets showed high variability as illustrated by coefficient of variation
(Table 3). Average minimum Mn/Ca values ranged between 0.16 and 0.75 pmol mol~! among
baskets, and coeflicient of variation was high (Table 3). Average minimum and maximum values
were lower in 2009-2010 (Table 3).

Individuals within baskets demonstrated considerable variability with respect to Sr/Ca pro-
files (Figures 2, S1-S6). Minimum values were deposited before the winter growth band in 3
samples, during the winter growth in 4 samples, and after the winter growth in 23 samples.
Furthermore, maximum Sr/Ca values occurred before, during and after the winter growth band
in 7, 7, and 16 samples, respectively (Figures S1-S6). Minimum Sr/Ca values were deposited
between May and August in two growth modeled S. groenlandicus from Kongsfjorden and be-
tween October and March in the growth modeled C. ciliatum specimen (Figures 2 and S10). In
Rijpfjorden, the minimum values were deposited between July and mid-August in seven shells
and between April and mid-July in one S. groenlandicus specimen (Figure 2). Maximum Sr/Ca
values in growth modeled shells from Kongsfjorden were deposited at the end of the mooring de-
ployment in mid-September, whereas Rijpfjorden shells showed more variability with maximum
values occurring in the beginning of the mooring deployment (September to December) as well
as towards the end of the mooring deployment (August to September, Figure 2). Coefficient
of variation for minimum and maximum Sr/Ca values was lower than those for Mg/Ca (Table
3). Minimum Sr/Ca value was 1.32 4 0.04 mmolmol~! (SE, n = 30) on average and maximum
value 2.37 £ 0.09 mmol mol~! (SE, n = 30).

Molybdenum to calcium ratios were at their highest during or before the winter growth
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band in all shells analyzed for Mo/Ca (2009-2010) and the ratios decreased after the end of
the growth check (Figures 2, S3-S6). After the minimum Mo/Ca, which occurred between
mid-April and September in Kongsfjorden and between July and August in Rijpfjorden, Mo/Ca
values increased again until the end of the mooring exposure (mid-September 2010, Figures 2
and S11). Maximum Mo/Ca values were measured at the beginning of the mooring deployment
(September to April, Figure 2).

Barium to calcium profiles were characterized by abrupt unimodal peaks (maximum values
= 3.1-76.1 ymol mol !, & = 20.0 pmol mol~!, Table 5) that were differentiated from low Ba/Ca
background levels (0.43-2 pmol mol~!, Z = 1 pmol mol !, Figures 2, S1-S6). The peaks appeared
annually, occurring subsequent to the winter growth band in 27 of 30 analyzed shells (Figures
S1-S6). A distinct barium peak was not present in two C. ciliatum from 2007-2008 deployed
in the 25 m basket in Rijpfjorden (Figure S2) and one C. ciliatum from 2009-2010 deployed
in the 15 m basket in Kongsfjorden (Figure S3). In 2009-2010 samples, the Ba maxima were
considerably lower in the 25 m basket in Rijpfjorden compared to other baskets (RB in Table 3
and Figure S6). Barium peak values were not consistent within a basket as indicated by high
coefficient of variation (Table 3). The minimum Ba/Ca values were associated with a lower
within basket variability than the maximum values (Table 3). Barium peaks in Kongsfjorden
were estimated to occur between June and mid-August, 18 to 100 days after the fluorescence
peak (Table 5). Further, Ba/Ca peak values were deposited in July in Rijpfjorden occurring 11
to 36 days after the first peak in fluorescence index (Table 5).

3.3 Correlations between element ratios, growth rates and mooring instru-
ment data

Li/Ca and Mg/Ca covaried within 2009-2010 shells as indicated by arrows pointing approxi-
mately to the same direction in the PCA plot (Figure 3B) and high correlation coefficients (r,
= 0.78, r = 0.13-0.92; Table S4). Similar correlations between element ratios were evident for
Sr/Ca and Mo/Ca in 2009-2010 (Figure 3B, r, = 0.59, r = —0.69-0.99), Mn/Ca and Ba/Ca —
especially in the growth modeled shells (Figure 3C, r, = 0.50, r = —0.02-0.78), and Mg/Ca and
Mn/Ca in 2007-2008 shells (Figure 3A, r, = 0.38, r = —0.31-0.78). Further, Mg/Ca and Li/Mg
were strongly negatively correlated in 2009-2010 shells as demonstrated by arrows pointing to
opposite directions in the PCA plot (Figure 3B, r, = —0.92, r = —0.99 — —0.60). Also Li/Ca
and Li/Mg, Mg/Ca and Mo/Ca, and Li/Ca and Mo/Ca were negatively correlated (Table S4).
Temperature and salinity were negatively correlated (r, = —0.71, r = —0.86-0.57), whereas tem-
perature yielded positive correlations with fluorescence (r, = 0.48, r = 0.34-0.67) and logarithm
of shell growth rate (r, = 0.43, r = 0.22-0.66, Figure 3D).

Overall, logarithm of growth rate was the best explanatory factor for element ratio variability
in growth modeled shells (Figure 4A). Coefficient of determination (R?) for individual samples
ranged between 0.19 and 0.75 for the regression between Li/Ca and growth rate, between 0.30
and 0.59 for Mg/Ca, between 0.11 and 0.24 for Li/MG, and between 0.01 and 0.87 for Mn/Ca
(Table S2). Also Sr/Ca exhibited significant regressions with growth rate, but these relation-
ships varied from positive to negative (Table S2). Temperature yielded significant regressions
with Li/Ca, Mg/Ca, Li/Mg, and Sr/Ca (Table S2), but in the majority of samples these regres-
sions were not as strong as those for logarithm of growth rate (Figure 4A). The temperature
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relationships for Li/Ca, Mg/Ca and Li/Mg were relatively consistent among samples, although
associated with large residual standard error (Tables S1-S2).

4 Discussion

Barium, manganese, molybdenum, and lithium to calcium ratios have previously been related to
primary production [31, 38-40] (Section 4.1). Although Mn/Ca and Ba/Ca exhibited patterns
that resembled the patterns in the fluorescence index (Figure 2), which was used as a proxy
of primary production, the differences in peak heights among samples from the same basket
suggested that these element ratios were also affected by other processes and could not be used
as straightforward proxies of primary production (Tables 3-5; see Section 4.1). Despite this,
Ba peaks were deposited likely at the same in a basket, but the timing varied between baskets
occurring 11 to 81 days after the phytoplankton bloom (Figure 2, Table 5, Section 4.3). Ba/Ca
could potentially be related to dissolved or particular Ba in ambient seawater. Mo/Ca and
Li/Ca did not exhibit patterns that could have been linked to primary production (Figure 2).

Lithium, magnesium and strontium to calcium ratios, in turn, have been suggested as proxies
of growth rate or temperature [30-34] (Section 4.2). We did observe considerable similarities
between Li/Ca, Mg/Ca, growth rate and temperature (Figures 3-4), but individual samples
from a same basket demonstrated variability in element-to-calcium ratios making it difficult to
use these ratios as proxies of absolute growth rate or temperature (see Section 4.2). Neverthe-
less, Li/Ca might reflect crystal growth rate in bivalve shells, whereas Mg/Ca appears to be
loosely linked with temperature (Figures 5-6). Finally, individuals within baskets demonstrated
variability in Sr/Ca profiles that could not satisfactorily be explained by any single predictor
variable (growth rate, temperature, fluorescence and salinity) used in this study (Figure 4).

In general, our results highlight the limitations caused by metabolically controlled deposition
of CaCOs in bivalves [56, 57] suggesting that none of the studied element ratio could be used
as straightforward proxies of temperature, salinity, paleoproductivity or shell growth rate. In
following sections we discuss the studied element ratios as potential proxies of primary produc-
tion (Section 4.1), shell growth rate or temperature (Section 4.2), and sub-seasonal temporal
anchors (Section 4.3). We also highlight the methodological constraints associated with our data
(Section 4.4).

4.1 Potential proxies of primary production

Barium to calcium profiles were characterized by distinct unimodal peaks, which resembled the
peaks in fluorescence index (Figures 1, 2, and S1-S6). The barium peak in Kongsfjorden shells
occurred approximately 74 days after the peak in phytoplankton bloom, which took place in
mid-May, and 19 days after ice-algae/phytoplankton associated fluorescence peak in Rijpfjor-
den (Table 5). Dissolved barium from seawater, which in turn is sometimes connected with
phytoplankton blooms [46, 80], has been found to consistently incorporate into calcitic Mytilus
edulis and Pecten mazimus shells with a partition coefficient of approximately 0.1 [39, 49]. Ap-
plied to our shells, Ba/Ca values should have been approximately similar, within the averaging
error framework (see Section 4.4), in each basket assuming that calcium was uniformly dis-
tributed along studied shells. Measured Ba/Ca background values varied between 0.4 and ~ 2
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pmol mol !, were consistent with those reported earlier [46], and did not show any obvious vari-
ation within baskets that could not have been explained by averaging error (Table 3). Measured
maximum Ba/Ca values, on the other hand, varied between 3.1-76.1 pmol mol~! demonstrating
different peak values among shells from a same basket (Table 3). This variability in maximum
values is among the largest reported [46], and cannot completely be explained by averaging error
(see Section 4.4).

Predictor variables did not satisfactorily explain the Ba/Ca peaks: although Ba/Ca peaks
occurred simultaneously with increased shell growth in all growth modeled shells (Figures 2
and S12), growth rate explained only 2% of Ba/Ca variation across samples (marginal R? from
LMM; Figure 4) and <1 to 18% among samples (R? from regression models; Table S2). Further,
temperature was negatively related with Ba/Ca explaining 2% of variation across samples (Fig-
ure 4). Bivalve age, shell height, or length of the growth increment during mooring deployment
did not yield significant slopes in a regression model with Ba/Ca peak values, but Ba/Ca peak
values were significantly lower in the 25 m basket in Rijpfjorden compared to other baskets.
Therefore, our results are inconclusive about the environmental factors associated with the ob-
served barium peaks. Nevertheless, the considerable differences in Ba/Ca maximums among
samples from a same basket and the variable time-lag from bloom between fjords (Table 5) sug-
gest that although Ba/Ca might be connected to processes related to primary production, the
ratio cannot be used as a direct paleoproductivity proxy, agreeing with what has been suggested
by recent studies [45, 46, 49, 81].

In addition to barium, manganese to calcium profiles also demonstrated peaks that resembled
the fluorescence index peaks (Figures 1, 2 and S1-S6). Despite the seemingly synchronous
deposition of Mn in growth modeled shells (Table 4), Mn/Ca patterns exhibited individual
differences among shells from a same basket (Table 3). Further, Mn/Ca values in the growth
modeled shells were clearly correlated with growth rate (Figure 4 and Table S2) demonstrating
that Mn/Ca incorporation is likely, at least partly, kinetically controlled. Manganese occurs
partly as non-lattice-bound element in an aragonitic bivalve Corbula amurensis [82]. A varying
amount of Mn not directly bound to CaCO3 matrix could also explain the mixed Mn/Ca results
in our study. Nevertheless, Mn/Ca peaks occurring approximately simultaneously in growth
modeled shells also demonstrate a degree of synchronous environmental or physiological control.
Previous studies suggest that Mn/Ca could partly be incorporated in relationship with Mn
concentration in seawater [51, 83]. Phytoplankton blooms have also been suggested as a cause
for Mn fluctuations in bivalve shells [24, 38]. Our data do not support the direct connection with
phytoplankton bloom events, but it is possible that pelagic Mn cycle is connected to productivity
to some extent as reviewed by [83]. Consequently, Mn/Ca is a potential, but complicated proxy
of several environmental and physiological factors in both species.

Maximum molybdenum to calcium values were measured during autumn before the depo-
sition of the winter growth band in all growth modeled shells (Figure 2). Consequently, our
dataset did not demonstrate prominent Mo peaks occurring during spring as has been reported
for calcitic scallops Comptopallium radula [48] and P. maximus [40]. Nevertheless, Mo/Ca pro-
files were relatively similar among shells demonstrating that Mo/Ca values either fell under the
detection limit of ICP-MS or that the incorporation mechanism could have been environmentally
regulated. The incorporation of Mo into bivalve shells might occur through diet, which makes
Mo/Ca a promising environmental proxy [40, 49]. If this was the case local phytoplankton may
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not have been enriched in Mo. Alternatively, Mo could be connected to sediment surface redox-
processes [28] or sediment particles, as bivalves in our study were deployed in the water column
and did not grow in their natural habitat. Although our results do not preclude the possibility
for Mo/Ca being a potential proxy in S. groenlandicus and C. ciliatum, more research is needed
to draw further conclusions about this elemental ratio.

Our data did not demonstrate a clear connection between fluorescence index and Li/Ca
(Figures 4, and S7) casting a doubt on the hypothesis of phytoplankton blooms causing Li/Ca
peaks [31]. Therefore, Li/Ca peaks cannot be used as a proxy of timing and magnitude of
phytoplankton blooms in studied shells, although it is possible that phytoplankton blooms could
have contributed to increasing the Li/Ca values in Kongsfjorden (Table S2).

4.2 Potential proxies of growth rate or temperature

Lithium to calcium patterns were similar among individuals in baskets suggesting synchronized
responses to environmental or physiological processes (Figure 2 and Table 3). Logarithm of
average growth rate explained 43% of overall Li/Ca variation across all samples (LMM, Figure 4),
and 19-75% among samples (regressions, Table S2). Li/Ca-shell growth rate relationships were
logarithmic unlike in previous published studies where the authors reported linear relationships
with a similar slope for P. mazimus [31] and Arctica islandica [30] (Figure 5A). Shell growth rate
is an indicator of crystal growth rate in bivalve mollusk shells [31, 84]. Therefore, the positive
correlations between Li/Ca and shell growth rate agree with other published studies suggesting
that crystal growth rate is likely the primary driver of Li/Ca incorporation in bivalve mollusk
shells [30, 31]. Nevertheless, studies report differing regression equations between Li/Ca and
shell growth rate and these relationships do not yield particularly high R? values (Figure 5A).
This suggests that also other factors affect Li/Ca incorporation.

Temperature and riverine output have also been suggested to partly control Li/Ca in bivalve
shells [30, 31]. Since temperature and growth rate were correlated in our shells [17], the effects of
these factors are difficult to separate. Nevertheless, temperature significantly explained Li/Ca
variability, although these correlations were generally not as strong as for shell growth rate (Fig-
ures 4-5 and Table S2). The imprecision in our growth models could have contributed to the
lower temperature correlations, as a one-month shift in Li/Ca peak would have led to consider-
ably stronger temperature correlations for Rijpfjorden shells (Figures 2 and S7). Despite this,
the relationships for species that have been studied so far do not appear to demonstrate strong
enough R? values to reconstruct seawater temperatures (Figure 5B). Instead, significant regres-
sions between Li/Ca and temperature in bivalve mollusk shells (Figure 5B) could be explained
by dependency between temperature and shell growth rate, and therefore CaCOj3 crystal growth
rate.

Since we lack element concentration measurements in seawater, we can only speculate about
the effect of riverine output increasing Li concentration in ambient water and therefore contribut-
ing to shell Li/Ca [30]. Li/Ca peaks were coincident with decreased salinity (Figures 2 and ST7).
If melt-water events increased Li concentration in ambient water in our study, it is possible that
these events could have contributed to Li/Ca fluctuations as suggested by Thébault et al. [30].
Despite the uncertainties in our dataset, we can conclude, with a relatively high certainty, that
Li/Ca cannot be used as a temperature proxy in S. groenlandicus and C. ciliatum shells, but



458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

12

appears to be a promising proxy of shell and/or crystal growth rate. Li/Ca, however, did not
yield strong enough relationships to precisely reconstruct sub-annual shell growth.

Relatively consistent patterns in Mg/Ca among individuals from the same basket (Figures 2,
S1-S6) suggested that the incorporation of Mg/Ca is likely related to synchronized environmental
or physiological processes. A large coefficient of variation, however, indicates that these processes
do not yield similar Mg/Ca peak values among shells (Table 3). Relatively strong correlations
with logarithm of average growth rate indicated that incorporation of Mg/Ca could be related to
shell precipitation rate similarly to Li/Ca (Figure 4). Furthermore, Mg/Ca correlated positively
with temperature (Figure 4 and Table S2). Many studies have reported similar significant
correlations between Mg/Ca ratio and sea surface temperature [32-35, 44, 53, 85-88]. Most of
these studies report either a large variability in temperature correlations similar to our study
[e.g. 34, 35], or that the relationship is restricted to certain conditions [e.g. 86, 87]. Organic
matter prior the elemental analysis has been removed in some studies that have reported strong
relationships between temperature and Mg/Ca [32, 89].

Our Mg/Ca-temperature relationships are similar to those reported for calcitic bivalves
Mytilus trossulus [32], M. edulis [90], and P. mazimus [88] with the exception that coefficients of
variation are clearly lower in our study (Figure 6). Mg/Ca is thought to be strongly metabolically
controlled in marine bivalves: present day Mg/Ca molar ratio is 5.2 mol mol~! [91], but report
Mg/Ca ratios in bivalve CaCOg that are several orders of magnitude lower than the ambient
molar ratios (varied between 0.0041 and 0.0004 molmol~! in this study). Furthermore, Mg/Ca
is precipitated to inorganic aragonite following an inverse relationship with expected molar
ratio of >0.085 molmol~! for the temperatures in this study [92]. Despite this, most reported
Mg/Ca—temperature relationships are positive (Figure 6), Crassostrea gigas being an exception
[54]. It should also be noted that Mg/Ca-temperature relationships appear generally stronger
for calcitic bivalves (bivalves in Figure 6) than for aragonitic bivalves (such as S. groenlandicus,
C. ciliatum and A. islandica [e.g. 35]). It seems feasible that Mg/Ca functions as a temperature
proxy in many bivalve shells (Figure 6), but Mg/Ca incorporation is also influenced by other
factors such that the imprecision associated with temperature estimates derived from Mg/Ca
is often larger than the seasonal temperature fluctuations. Our results are consistent with this
hypothesis and indicate that Mg/Ca is an unreliable temperature proxy for S. groenlandicus
and C. ciliatum. Nevertheless, our results also indicate that temperature does correlate with
Mg incorporation, and further studies should consider removal of organic matter before ICP-MS
analyses.

Studies on corals have demonstrated that combining Li/Ca and Mg/Ca could potentially
be used to tease apart the metabolic effects associated with these ratios and strengthen the
temperature relationship [37]. Our results, however, demonstrated generally weaker correlations
between Li/Mg and temperature than those between Li/Ca and temperature and Mg/Ca and
temperature separately (Figure 4, Table S2). Consequently, Li/Mg does not provide a robust
temperature proxy.

Strontium-to-calcium ratio was significantly affected by all predictor variables (Figure 4),
temperature and fluorescence index yielding the most consistent regressions (Table S2). Coeffi-
cient of variation for Sr/Ca maximum values indicates that Sr/Ca values varied among samples
from a same basket (Table 3). The large variability in Sr/Ca among samples from a same
location is consistent with the literature [44, 93] and suggests that any environmental signals
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in Sr/Ca may be difficult to separate from vital effects. Strontium partition into calcium car-
bonate is related to the crystal growth rate of CaCOs matrix [92, 94]. Although, some earlier
studies have successfully used Sr/Ca as a temperature proxy [85, 95, 96], more recent studies
question the relationship [50, 97, 98]: it seems possible that temperature and crystal growth
rate of CaCOs3 skeleton are connected resulting in a positive correlation between Sr/Ca and
temperature. Judging from our data, this was not the case for studied shells.

4.3 Sub-seasonal temporal anchors

Barium-to-calcium maximum values were deposited at approximately same time among samples
from the same basket (Table 5) considering the uncertainty caused by LA-ICP-MS averaging
error and growth models derived from §'80 values (see Section 4.4). Measured Ba/Ca maximums
were estimated to be deposited in mid-July to early August in Kongsfjorden (Table 5). Barium
peaks in Rijpfjorden occurred during or right after a fast shell growth period (Figures 2 and S12)
and were timed to occur early July in the basket at 15 m depth and late July, 12 days later, in
the deeper basket at 25 m depth (Table 5). Simultaneous occurrence of Ba/Ca maximums within
baskets and similar patterns in 29 of 32 analyzed shells (Figure S1-S6) indicates synchronous
environmental or physiological drivers for incorporation of Ba in studied shells. Synchronously
deposited chemical proxies are useful temporal anchors to combine chronologies across bivalves
sampled from the same location [29]. Our results indicate that the Ba/Ca peaks are likely to
occur simultaneously 2.5 months to 2.5 weeks after primary production bloom, and they can be
used as sub-annual anchors across shells from a same location, if averaging error of elemental
sampling is kept sufficiently low.

Li/Ca also demonstrated remarkably synchronous patterns within baskets (Table 3) as min-
imum and maximum value variability could likely be explained by averaging error caused by
LA-ICP-MS sampling (see Section 4.4). Therefore, Li/Ca peak and trough values could have
been approximately similar across individuals from a same basket further demonstrating the
synchronized incorporation of this element ratio. Overall, Li/Ca ratios corresponded with those
reported by Thébault et al. [30]: the range of Li/Ca fluctuation they reported was 1.3 to 1.6
fold over a growing season, whereas lithium values in this study varied between 1.3 and 2.2 fold
(1.6 on average). This demonstrates that Li/Ca could work as a temporal anchor also for other
species than S. groenlandicus and C. ciliatum. Since Li/Ca peaks were rather broad in studied
shells it is advisable to use the increases in Li/Ca as temporal anchors.

4.4 Methodological limitations

The bivalves in this study were held in the water column on oceanographic moorings, and
therefore they might not have recorded elemental ratios similarly to their natural habitat. The
mooring deployment likely excluded the effect of sediment-surface redox-processes, which have
been suggested as important contributors for the seasonal dynamics of, at least, Mn [28, 48,
83, 99]. Further, we did not observe similar seasonal patterns in Sr/Ca ratios that has been
reported earlier for S. groenlandicus [18, 24]. It is possible that Sr/Ca is partly connected with
sediment surface processes and therefore our shells did not record all possible variability for this
element ratio.
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The extent of time averaging sampled by LA-ICP-MS is relative to the sample volume and
average shell growth rate over the sampled area [71, 72]. Because sample hole size in our study
varied little within years (see Section 2.2), time averaging was related to shell growth rate. Even
though LA-ICP-MS sampling was able to capture the Ba/Ca peaks (Figures 2, S1-S6) it is
possible that time-averaging contributed to profiles of some elements during low growth rate
such that no meaningful environmental correlations were found [100].

Growth models used to determine the time extent for each LA-ICP-MS sample were subject
to uncertainty [17]. It is unlikely that these growth models were an entirely accurate representa-
tion of the actual growth during the mooring deployment and, therefore, our dataset contained a
bias, which increased correlations between element ratios and average shell growth rate, because
shell growth rate was obtained from growth models, which affected the alignment of elemental
ratios. Further, shell growth rate and temperature were significantly correlated in all growth
modeled shells (Figure 3; 17).

Even though we attempted to keep LA-ICP-MS samples as close to the middle of the shell
section as possible, non-linear growth patterns could have caused variations in the actual location
of LA-ICP-MS samples hence affecting the element ratios [101], since the sample spot alignment
method used in this study [69] could not correct for measurement bias caused by variability in
CaCOg matrix. Furthermore, the sample alignment method assumed two-dimensional sampling
ignoring any effects of LA-ICP-MS sample volume. Consequently, the curvature of growth
lines deeper in the sample could have increased imprecision of element ratios through three-
dimensional time averaging. Despite all these uncertainties, our dataset is extensive and clearly
indicates that all of the studied elemental ratios were affected by several factors to the extent that
no element ratio in this study could be used as an absolute straightforward proxy of temperature,
salinity, fluorescence or shell growth rate.

5 Conclusions

We conclude that Ba/Ca, Li/Ca and Mg/Ca have a potential as environmental proxies in S.
groenlandicus and C. ciliatum shells: Incorporation of Ba/Ca might be connected with seasonal
dissolved or particular Ba dynamics in ambient water, and incorporation of Li/Ca and Mg/Ca
are likely connected with both CaCOg3 crystal growth rate and seawater temperature. Despite
this, all studied element ratios were likely affected by multiple internal and external factors
complicating the interpretation of element ratios. Our study was further affected by method-
ological constraints, such as time-averaging error, experimental artifacts, and uncertainties in
sub-annual growth models leading to partly inconclusive results for Sr/Ca and Mo/Ca. Despite
this our results are an important contribution to high-latitude bivalve shell geochemisty high-
lighting that none of the studied elemental ratios can be used as all-encompassing proxies of
seawater temperature, salinity, paleoproductivity, or shell growth rate. This, however, does not
preclude the use of element-to-calcium ratios as environmental proxies, but merely indicates that
seasonal dynamics of elements in seawater and seasonal variations in bivalve metabolism must
be understood better to link the elemental ratios in bivalve mollusk shells with environmental
processes.
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Table 1. Total number of LA-ICP-MS analyzed bivalve specimens. Numbers in parentheses
indicate the number of samples with growth models determined through SIMS §'80 measure-
ments. Basket abbreviations used through out this study are specified in “Basket” column.

Year Fjord Depth (m) Basket Serripes Ciliatocardium
2007-2008 Kongsfjorden 25 KB 2 2
2007-2008 Rijpfiorden 25 RB 2 2
2009-2010 Kongsfjorden 15 RA 2 3
2009-2010 Rijpfiorden 15 RA 3(2 1(1)
2009-2010 Kongsfjorden 25 RB 4 (2 1(1)
2009-2010 Rijpfjorden 25 RB 4(2 4(1)

Table 2. Depths (m) of mooring instruments used to record environmental variables.

2007-2008 2009-2010
Variable Instrument  Kongsfjorden Rijpfjorden Kongsfjorden Rijpfjorden
Temperature TidBit 15 & 25 15 & 25
Fluorescence Fluorometer 17 36 10
Salinity CTD 17 36 10 & 26
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Table 3. Mean values (Z) and coefficient of variation (CV) of maximum and minimum element
ratios measured along shell sections. Year 2010 refers to the deployment period 2009-2010 and
year 2008 to the deployment period 2007-2008. Number of samples is specified in "n” column.
See Table 1 for basket abbreviations.

Minimum  Maximum

Ratio Year Basket n z CV T CV

Li/Ca 2010 KA 5 13.6 14.1 225 4.4
2010 KB 5 131 13.5 219 6.0
2010 RA 4 149 75 220 1.8
2010 RB 8 141 9.0 208 6.9
Mg/Ca 2008 KB 4 090 304 240 375
2008 RB 4 063 344 187 39.2
2010 KA 5 111 35.0 3.04 9.0
2010 KB 5 0.87 313 3.13 6.3
2010 RA 4 128 6.7 314 216
2010 RB 8 1.22 251 290 29.1
Li/Mg 2010 KA 5 6.7 104 139 345
2010 KB 5 6.2 137 182 13.8
2010 RA 4 6.7 202 133 8.6
2010 RB 8 69 253 129 21.0
Mn/Ca 2008 KB 4 038 56.0 852 107.8
2008 RB 4 075 779 752 84.2
2010 KA 5 019 456 3.75 329
2010 KB 5 016 418 131 51.8
2010 RA 4 017 250 1.89 488
2010 RB 8 0.20 658 1.68 51.2
Sr/Ca 2008 KB 4 123 88 253 219
2008 RB 4 1.36 221 263 354
2010 KA 5 135 13.7 232 175
2010 KB 5 128 6.2 217 10.0
2010 RA 4 147 248 253 13.7
2010 RB 8§ 128 73 224 180
Ba/Ca 2008 KB 4 061 10.8 49.1 23.6
2008 RB 4 074 255 252 1399
2010 KA 5 069 182 11.2 482
2010 KB 5 050 109 140 47.8
2010 RA 4 067 308 17.1 25.1
2010 RB 8 052 11.0 43 272
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Table 4. Manganese to calcium peaks and their relation to spring bloom peaks determined from
fluorescence index for samples with growth models. Columns from the left: Sample = sample
IDs and basket averages corresponding to Vihtakari et al. [17]; Treatment = treatment basket,
see Table 1; Species: Ser = S. groenlandicus, and Cil = C. ciliatumn; Mn/Ca max = maximum
measured Mn/Ca ratio; Timing of Mn/Ca max = estimated timing for the Mn/Ca peak using
centroids, and minimum (Min) and maximum (Max) extent of a LA-ICP-MS hole. Minimum
(Min) and maximum (Max) are expressed as days from the centroid; After fluorescence peak =
indicating how many days after the spring bloom peak when the Mn/Ca maximum took place.

Timing of Mn/Ca max After fluorescence peak
Sample  Basket Species Mn max Centroid Min Max Centroid  Min Max
(umolmol™!)  (date)  (-days) (+days) (days) (days) (days)

A KB Ser 1.4 19 Jul 4 5 65 61 70
B KB Ser 1.0 28 May 12 59 13 1 68
C KB Cil 0.6 1 Jun 3 33 17 14 50
Average KB 1.0 15 Jun 6 31 32 25 63
D RA Ser 2.9 5 Jul 1 8 12 11 20
E RA Ser 1.2 5 Jul 2 5 12 10 17
F RA Cil 0.9 22 Jul 0 1 29 29 30
Average RA 1.7 10 Jul 1 5 18 17 22
G RB Ser 2.4 29 Jul 1 0 36 35 36
H RB Ser 2.6 28 Jul 0 1 35 35 36
I RB Cil 0.8 27 Jul 3 1 34 31 35
Average RB 1.9 28 Jul 1 1 35 34 36
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Table 5. Barium to calcium peaks and their relation to spring bloom peaks determined from

fluorescence index for samples with growth models. See Table 4 for legend.

Timing of Ba/Ca max

After fluorescence peak

Sample  Basket Species Ba max Centroid  Min Max Centroid  Min Max
(qmolmol™!)  (date)  (-days) (+days) (days) (days) (days)
A KB Ser 9.9 4 Aug 11 1 81 70 82
B KB Ser 8.2 22 Jul 50 32 68 18 100
C KB Cil 23.4 27 Jul 30 11 73 43 84
Average KB 13.8 28 Jul 30 15 74 44 89
D RA Ser 21.9 5 Jul 1 10 12 11 22
E RA Ser 12.4 8 Jul 4 3 15 11 18
F RA Cil 14.9 23 Jul 1 3 30 29 33
Average RA 16.4 12 Jul 2 5 19 17 24
G RB Ser 5.2 17 Jul 1 1 24 23 25
H RB Ser 3.1 29 Jul 1 0 36 35 36
I RB Cil 5.7 28 Jul 0 0 35 35 35
Average RB 4.7 24 Jul 1 0 32 31 32
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Figure 1. Temperature, fluorescence index (FLI) and salinity during the study period. Kongs-
fjorden is plotted with a red line, while blue represents Rijpfjorden. The lighter hue illustrates
instruments close to the 15 m baskets (15 m for temperature, 10-17 m for fluorescence and
salinity; see Table 2) and the darker hue represents instruments adjacent to the 25 m baskets
(25 m for temperature; 25-36 m for fluorescence and salinity). Grey bars indicate the time of
sea-ice cover in Rijpfjorden.
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Figure 2. Element to calcium ratios over the mooring deployment for shells with growth
models. Baskets are presented in columns and element ratios and predictor variables in rows.
A = Kongsfjorden 25 m basket, B = Rijpfjorden 15 m basket, and C Rijpfjorden 25 m basket.
Element ratios from top: Li/Ca (yellow), Mg/Ca (red), Mn/Ca (blue), Sr/Ca (purple), Mo/Ca
(orange), Ba/Ca (green). Solid lines represent S. groenlandicus and dot-dashed lines C. ciliatum.
Predictor variables are overlaid on top each other. Growth rate is given as bars, temperature,
salinity and fluorescence index as red, blue and green line, respectively. Shading for [Me]/Ca
panels illustrates the averaging error of LA-ICP-MS samples. Grey shading on the background
represents the estimated average winter growth band for each basket [see 17].
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Figure 3. Principal component analysis (PCA) on correlation matrices of A) element ratios in
2007-2008, B) element ratios in 2009-2010, C) averaged element ratios (= response variables for
regression models) for shells with growth models in 2009-2010, and D) predictor variables for
regression models (GR = logarithm of growth rate, T = temperature, F = fluorescence index,
and S = salinity). Principal components were calculated with correlation coefficients averaged
over samples using Fisher z-transformation (see Section 2.3). Coloring of variables is equal to
Figure 2. See Table S4 for detailed list of correlations.
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Figure 4. Overall relationships between element ratios and predictor variables (Fixed effect:
GR = logarithm of growth rate, T = temperature, F = fluorescence index, and S = salinity)
estimated using linear mixed-effect models. A) Marginal coefficient of variation indicating the
variation in an element ratio explained by a predictor variable across all samples. B) Relative
effect (i.e. the slope using intercepts from the random effect) of predictor variables indicating the
relative magnitude and direction of correlations. Error bars represent 95% confidence intervals
(CIs) for relative effects. Relative effects are scaled to absolute value of maximum CI. If a
CI does not cross the horizontal line at 0, the effect is significantly different from 0 at 95%
confidence-level. See Table S3 for further information about model formulations.
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Figure 5. Regressions between bivalve shell Li/Ca concentration and shell growth rate (A), and
temperature (B) for S. groenlandicus and C. ciliatum (this study), as well as Pecten mazimus

[31] and Arctica islandica [30]. Triangles illustrate measured values for S. groenlandicus,

circles

measured values for C. ciliatum and squares extracted values for A. islandica. Relationships
were logarithmic for S. groenlandicus and C. ciliatum in A. Regressions for P. maximus are for
the year 2001. Regression equations for S. groenlandicus and C. ciliatum are presented in Table

S2.
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Figure 6. Comparison of linear regressions between bivalve shell Mg/Ca concentration and
temperature among studies (1 = this study, 2 = Klein et al. [32], 3 = Vander Putten et al. [38],
4 = Richardson [34], 5 = Freitas et al. [86], 6 = Freitas et al. [51], 7 = Freitas et al. [90], 8
= Wanamaker et al. [87] (all salinities), 9 = Freitas et al. [88]). Triangles illustrate measured
values for S. groenlandicus and circles measured values for C. ciliatum. Regression equations

were extracted from Freitas et al. [88].
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o Supplementary material

Figure S1. Element to calcium ratios for Kongsfjorden 2007-2008 shells grown in the basket
at 25 m depth. Horizontal error bars illustrate the estimated extent covered by a LA-ICP-MS
sample along the measurement axis. Grey shading illustrates the winter growth band.

Figure S2. Element to calcium ratios for Rijpfjorden 2007-2008 shells grown in the basket at
25 m depth. See Figure S1 for legend.

Figure S3. Element to calcium ratios for Kongsfjorden 2009-2010 shells grown in the basket
at 15 m depth. See Figure S1 for legend.

Figure S4. Element to calcium ratios for Kongsfjorden 2009-2010 shells grown in the basket
at 25 m depth. See Figure S1 for legend.

Figure S5. Element to calcium ratios for Rijpfjorden 2009-2010 shells grown in the basket at
15 m depth. See Figure S1 for legend.

Figure S6. Element to calcium ratios for Rijpfjorden 2009-2010 shells grown in the basket at
25 m depth. See Figure S1 for legend.
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Figure S7. Weekly averages of Li/Ca (black line) and growth rate (gray bars) for individual
samples together with temperature (red line), fluorescence index (green line) and salinity (blue
line) for corresponding basket. Samples A-C are from Kongsfjorden 25 m basket, D-F from
Rijpfjorden 15 m basket, and G-I from Rijpfjorden 25 m basket. C, F, and I are C. ciliatum, the
rest S. groenlandicus. Black dots represent the centroids of LA-ICP-MS samples, gray shading
and horizontal error bars the averaging error. Dashed vertical lines illustrate the estimated
extent of the winter growth band. Variables are scaled to Li/Ca.
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Figure S8. Weekly averages of Mg/Ca (black line) for individual samples. See Figure S7 for
legend.
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Figure S9. Weekly averages of Mn/Ca (black line) for individual samples. See Figure S7 for
legend.
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Figure S10. Weekly averages of Sr/Ca (black line) for individual samples. See Figure S7 for
legend.
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Figure S11. Weekly averages of Mo/Ca (black line) for individual samples. See Figure S7 for
legend.
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Figure S12. Weekly averages of Ba/Ca (black line) for individual samples. See Figure S7 for
legend.
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Table S1. Linear mixed effect regression parameters between element ratio and a single fixed
effect. Columns from the left: Ratio = element ratio; Fixef = fixed effect (see Table S3); Par =
regression parameter (Int = intercept and Sl = slope); Fixed effects = estimated value (Est) and
95% confidence intervals (Min and Max) for corresponding regression parameter. R? = Marginal
(Marg) and conditional (Cond) coefficient of determination explaining the proportion of variance
explained by the fixed effect alone and by both the fixed effect and random effect, respectively;
Standard error = random effect (= Sample, Rand) and residual (Res) mean standard error.

Fixed effects R? Standard error

Ratio Fixef Par Min Est Max Marg Cond Rand Res

Li/Ca GR Int  14.92 15.62 16.33 043 0.51 0.69 1.76
S1 0.90 1.06 1.21
T Int  17.57 18.30 19.03 0.15 0.31 1.00 2.08
Sl 0.42 0.57 0.72
F Int  17.96 18.84 19.71 <0.01 0.18 1.07 2.29
Sl —1.25 0.78 2.82
S Int  25.98 42.92 59.85 0.03 0.17 0.91 2.27
Sl -1.22 -0.71 -0.21
Mg/Ca GR Int 1.05 1.39 1.73 0.3 0.57 0.45 0.56
Sl 0.25 0.30 0.35
T Int 1.76 2.09 2.42 0.17  0.49 0.48 0.61
Sl 0.16 0.21 0.25
F Int 1.85 2.19 2.54 0.02  0.32 0.46 0.69
Sl 0.09 0.71 1.33
S Int 7.37 12.56 17.76 0.05  0.35 0.46 0.68
Sl —-046 —-0.30 —0.15
Li/Mg GR Int  10.76 11.97 13.18 0.2 0.42 1.46 2.38
Sl -1.12 -0.91 -0.70
T Int 8.74 9.81 10.89 0.11  0.35 1.54 2.50
Sl -0.78 —-0.60 —0.42
F Int 9.04 10.17 11.30 0.06  0.29 1.47 2.61
Sl —748 —=5.15 —2.82
S Int —34.99 —-14.74 5.50 0.02  0.25 1.46 2.67
Sl 0.11 0.71 1.31
Mn/Ca GR Int —0.07 0.16 0.39 0.22  0.51 0.30 0.39
Sl 0.13 0.17 0.20
T Int 0.46 0.71 0.96 <0.01 0.39 0.37 0.46
Sl —0.04 0.00 0.03
F Int 0.53 0.79 1.04 0.01  0.39 0.36 0.45
S1 —-0.81 —0.41 0.00
S Int —4.89 —1.41 2.06 <0.01 041 0.38 0.45
S1 —0.04 0.06 0.17
Sr/Ca GR Int 1.70 1.86 2.02 0.07  0.38 0.20 0.29
S1 —-0.09 —-0.06 —0.04
T Int 1.46 1.58 1.70 0.09  0.33 0.17 0.28
Sl 0.04 0.06 0.08
F Int 1.28 1.43 1.58 0.18 0.5 0.21 0.26
Sl 0.83 1.07 1.30
S Int 6.01 8.16 10.31 0.13 0.3 0.14 0.28

Sl -0.26 —0.19 —0.13
Mo/Ca GR Int  48.7 61.9 75.0 0.08 0.61 186 15.9



Table S1. (continued)

Fixed effects R? Standard error
Ratio Fixef Par Min Est Max Marg Cond Rand Res
Sl —-5.9 —4.5 —-3.1
T Int 345 47.2 59.8 <0.01 055 188 17.0
Sl —-1.0 0.3 1.5
F Int 315 44.2 57.0 0.01 055 185 16.9
Sl —0.1 15.2 30.4
S Int 68.2 198.2 328.2 0.01 056 19.0 16.9
Sl —8.3 —4.5 —0.6
Ba/Ca GR Int 0.01 1.16 2.32 0.02 0.08 0.86 3.38
Sl 0.05 0.34 0.62
T Int 1.89 2.59 3.29 0.02 0.06 0.73 3.39
Sl —-0.53 —0.29 —0.04
F Int 1.78 2.68 3.59 0.01  0.06 0.77 341
Sl —-5.06 —2.09 0.86
S Int —36.36 —11.72 12.92 0.01  0.06 0.80 3.41
Sl —0.32 0.42 1.15

42
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Text S1. Mathematical formulae of regression models in subject-specific scalar form. See Table
S3 and Section 2.3 for further information.

Model 1:

Yij = (Bo+ BaXij) + bio+ Eyj, i = A, B, .., 1, j=1,2,..,n; (1)

Where i is the sample; j the nth row for sample i; Y;; the element ratio for each i and j; 8o
the estimated common intercept across all i and j; B, the estimated common slope across all
i and j; Xj; the predictor variable (logarithm of growth rate, temperature, fluorescence index
or salinity) value for each i and j; bjp the estimated random intercept for each i; and Ej; the
residuals for each i and j.

Model 2:

Ln(Yi;) = (Bo+BarGRij + b+ BrEij+ BsSij) +bo+ Eij, i = A, B, .., I, j =1,2,...,n; (2)

Where Bgr, Br, BF, and g are the estimated common slopes across all i and j for logarithm of
growth rate, temperature, fluorescence index and salinity, respectively; GR;j, Tj;, Fij, and Sy;
the normalized and scaled values of predictor variables for row j of sample i. Arithmetic mean
of GR, T, F, and S (columns covering all i and j) = 0, and standard deviation = 1. Bgr, Sr,
Br, and Bg were standardized to the maximum absolute value of their confidence intervals (CI):

. _ B
Relative B;(%) = 7771@@\0](535)“ x 100% (3)
Model 3:
Y}' :50+51XLJ+EJ7 j:1727"'7n (4)

Where Y; is the element ratio value for jth row, By the estimated intercept of the regression
model, §; the estimated slope, and E; the residuals for each j. The regressions were run for
each sample separately.
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Table S4. Pearson correlations between element ratios (A-C) and predictor variables (D) cal-
culated using average correlation coefficients for samples. Columns from the left: correlation
pair, group (refers to Figugre 3), number of averages used as number of observations, r, = aver-
aged correlation coefficient after Fisher z-transformation, 1, and r,,4; minimum and maximum
correlation coefficients among n.

Pair Group n T, Timin T'imaz
Mg-Mn A (2007-2008) 8 0.38 —0.31 0.78
Sr-Ba A (2007-2008) 6 0.24 -0.32 0.61
Mn-Ba A (2007-2008) 8 0.13 -0.38 0.73
Mg-Ba A (2007-2008) 8 0.06 —0.57 0.76
Mn-Sr A (2007-2008) 6 0.00 —0.36 0.37
Mg-Sr A (2007-2008) 6 —0.17 —0.36 0.16
Li-Mg B (2009-2010) 22 0.78 0.13 0.92
Sr-Mo B (2009-2010) 22 0.59 —0.69 0.99
Li-Mn B (2009-2010) 22 0.50 —0.33 0.82
Mg-Mn B (2009-2010) 22 0.38 —0.45 0.87
Mo-LiMg B (2009-2010) 22 0.32 —-0.43 0.85
Mn-Ba B (2009-2010) 22 030 —0.48  0.78
Li-Ba B (2009-2010) 22 0.17 —0.85 0.65
Mg-Ba B (2009-2010) 22 011 —0.58  0.59
Sr-LiMg B (2009-2010) 22 0.01 —-0.77 0.67
Mg-Sr B (2009-2010) 22 0.00 —0.67 0.79
Ba-LiMg B (2009-2010) 22 —0.08 —0.48 0.57
Mn-Sr B (2009-2010) 22 -0.11 -0.76 0.95
Li-Sr B (2009-2010) 22 —0.12 -0.70 0.86
Sr-Ba B (2009-2010) 22 -0.15 -—0.47 0.51
Mo-Ba B (2009-2010) 22 —0.21 -0.62 0.38
Mn-LiMg B (2009-2010) 22 -0.25 -—0.78 0.57
Mn-Mo B (2009-2010) 22 —0.26 —-0.77 0.62
Mg-Mo B (2009-2010) 22 -0.32 -0.77 0.44
Li-Mo B (2009-2010) 22 —0.42 -0.89 0.61
Li-LiMg B (2009-2010) 22 -0.52 —0.87 0.32
Mg-LiMg B (2009-2010) 22 —-0.92 -0.99 -0.60
Li-Mg C (response) 9 084 050 0.92
Sr-Mo C (response) 9 064 -0.12 0.90
Li-Mn C (response) 9 054 003 081
LiMg-Mo C (response) 9 050 -0.32 0.80
Mn-Ba C (response) 9 050 -0.02 0.78
Mg-Mn C (response) 9 042 —-0.31 0.68
Li-Ba C (response) 9 031 -0.02 066
Mg-Ba C (response) 9 025 -023 0.59



Table S4. (continued)

Pair Group n T, Timin T'imaz
LiMg-Sr  C (response) 9 004 -0.77 071
Mg-Sr C (response) 9 -0.10 -0.69 0.79
Sr-Ba C (response) 9 -0.16 -047  0.33
LiMg-Ba  C (response) 9 -0.18 —-046 0.18
Li-Sr C (response) 9 -023 -—-0.60 0.58
Mo-Ba C (response) 9 -023 -0.60 0.10
LiMg-Mn C (response) 9 -029 -0.63 0.32
Mn-Mo C (response) 9 —-033 —-057 0.04
Sr-Mn C (response) 9 -0.35 —0.52  0.06
Li-Mo C (response) 9 —-046 -0.67 -—0.07
Mg-Mo C (response) 9 -051 -0.79 —0.16
Li-LiMg  C (response) 9 —-0.60 -0.78  0.40
Mg-LiMg C (response) 9 -0.92 -0.97 -0.60
T-F D (predictor) 3 048 034 067
GR-T D (predictor) 3 043 022 0.66
GR-F D (predictor) 3 002 -0.31 0.55
GR-S D (predictor) 3 —0.24 —0.46 —0.02
S-F D (predictor) 3 —-028 -0.64 0.08
ST D (predictor) 3 —0.71 —0.86 —0.57
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